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ABSTRACT

EFFECTS OF SHORT-TERM, HIGH-FORCE RESISTANCE TRAINING ON HIGH
INTENSITY EXERCISE CAPACITY
Patrick Abi Nader
November 23,2010
The purpose of this study was to assess the effects of short-term high-intensity resistance
training on time to exhaustion at maximal aerobic output. It was hypothesized that 2
weeks of training will induce improvements in performance at maximal aerobic output.
Eighteen subjects participated in this study. Subjects were assigned to a control (n=8) or
resistance training (n=lO) groups. The resistance training group participated in 5 sessions
of strength training over a period of 2 weeks on the leg press device. Both groups
participated in pre and post intervention testing. After the intervention strength in the
training group significantly increased (p=.OO). Time to fatigue at maximal aerobic
exercise did not significantly change between groups. There was a time improvement of
38.96% in the women of the training group, whereas men decreased their times to
fatigue. The main finding of this study was that men and women reacted differently to
short-term strength training, and to time to fatigue at maximal aerobic output. Clearly
there is a need for more research this study cannot conclude which factor is a predicator
of time to fatigue.
iii
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CHAPTER ONE: INTRODUCTION
High level physiological performance occurs as a result of a combination of
intense and intelligent training, in addition to inherent talent which is genetically
determined. Some individuals have the genetic ability to perform better than others.
However, the probability of one achieving their genetic potential is significantly
increased with well planned individual training sessions and yearly training plans.
However, whether genetically gifted or not, all individuals must engage in exercise in
order to improve and maintain physical ability. The study presented in this paper will
examine short term high resistance strength training as a means to improve performance.
One key measure of high intensity exercise and aerobic capacity is V0 2max--the
maximum volume of oxygen uptake-which can be used to assess whether energy
provision is occurring aerobically or anaerobically. Both the aerobic and the anaerobic
pathways work on sustaining effort at 100% of V02max (Bangsbo et al. 1990). The
duration one can sustain a given exercise intensity is termed "Time to Fatigue". Time to
fatigue at 100% V02 peak is commonly used to measure high intensity performance and
aerobic capacity and usually lasts 3 to 8 minutes (Ball et al. 1996; Hickson et al. 1988;

lung and lung 2003; Lambert et al. 1993; Renoux et al. 2000).
Two main substrates present in the body -fat and carbohydrates- provide ATP
production during exercise. Depending on the intensity and duration of exercise, the body
will use one substrate to provide energy more than the other
1

(Brooks and Mercier 1994; Coyle 1995). Aerobic exercise utilizes both substrates
while anaerobic exercise utilizes only carbohydrates. The greater the intensity of
exercise the more carbohydrates are utilized for A TP production (Brooks and Mercier
1994). Bangsbo et al. reported that a one legged exercise resulting in fatigue at
approximately 3 min has approximately 45% of anaerobic contribution and 55% of
aerobic contribution (1990).
The intensity and the duration of the exercise determine substrate utilization. High
intensity exercise is difficult to maintain whereas lower intensity is easier to maintain. In
the former case energy is provided mainly by the anaerobic system, in the latter case
aerobic system has a greater contribution.
The study of Lambert et al. (in review) provided pilot work for the current study.
The researchers found that fat free mass (and primarily muscle mass) is a substantial
predictor of time to fatigue at 100% of V0 2 max during cycle exercise. Typically,
exercising at 100% of V0 2 max is seen in several different sports that include: 1500m and
800m middle distance running; 400m and 200m swimming; 200m to 2000m rowing (Hill
et al. 2003; lung and lung 2003; Wakayoshi et al. 1993). Hanon et aI, 2008 studied O2
consumption in a 1500m run, and found that from the onset of exercise runners
performed at maximal V0 2 (Hanon et al. 2008). It follows then that adding muscle mass
and/or strength may be a way to improve time to fatigue at this intensity. Therefore
increased muscle mass could improve
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performance at onset of high intensity exercise. Several researchers evaluated the best
method to improve time to fatigue at 100% of V02max. In an effort to improve
endurance performance, Hickson et aI, 1980 conducted a study to determine the effects of
heavy strength training on high intensity aerobic exercise. Nine subjects participated in
that study and after 10 weeks of heavy resistance training 5 times a week, subjects' time
to exhaustion on a cycle ergometer improved 47% and 12% on a treadmill. This study
showed improvements in exhaustion time without any change in V02max measurements
(Hickson et al. 1980). This classic study will be further elaborated on later in the review
of literature.
Other researchers attempted the use of strength training to improve time to fatigue
at maximal aerobic effort; some noted significant improvements (Hickson et al. 1988;
Hickson et al. 1980; Hoff et al. 2002; Storen et al. 2008) while others did not (Kelly et al.
2008). All of the afore mentioned studies strength-trained the participants for more than 7
weeks, whereas the current study will focus on a two-week training period in order to
maximize neural adaptations and minimize muscle mass development.
Many factors affect physical performance including gender. Within the same
gender, performance and capacities differ, as well as between genders. Notably, women
have a greater capacity of oxidizing fat in long duration exercise (Tarnopolsky and
Tarnopolsky 2008), but the genders also differ in the way they perform the anaerobic
type of exercise (e.g. sprinting, see (Simoneau and Bouchard 1989). A study examining
difference on time to fatigue between genders at 100% of V02 peak (Lambert et aI, 2009
In review) found that men lasted -48% longer than women. This finding was explained
mainly by the difference in fat free mass between genders.
3

Strength training adaptations include morphological, neurological and
physiological adaptations (Andersen and Aagaard ; Folland et al. 2007; Hakkinen et al.
1996; Hoff et al. 2002; Leveritt et al. 1999; Tesch 1988; Tesch et al. 1987). The
neuromuscular adaptation is best explained by learning a skill and improving the
coordination of the movement. Lambert et aI, 2005 in a review article discussed the
adaptations to long duration and anaerobic exercise in the elderly. Lambert et aI, states
that the neurologic factors that modulate muscle induced force production are motor unit
recruitment, and the rate of motor unit firing. This indicates activating unnecessary
agonistic muscles, the body activates the necessary muscles to induce a movement. This
finding implies better fiber recruitment when performing tasks. Neuromuscular
adaptations are the main improvements of strength after 2 weeks of training (Folland et
al. 2007).
The study presented here is designed to assess the effects of short-term high
intensity exercise (2 weeks of strength training) on time to fatigue at 100% of V0 2 peak.

Statement of the Problem
Research has shown many benefits of strength training including improvement in
muscle hypertrophy, increased lactate threshold, increased glycogen reservoir, and injury
prevention. Yet studies have also indicated negative effects including a relative decrease
in the number of capillaries, decreased mitochondrial number, and decreased endurance
performance markers. In order to maximize performance, researchers have sought
methods to obtain strength training benefits without losing endurance performance
capacities. Recent studies have provided some evidence that strength training produces
an increased capacity to perform high-intensity aerobic exercise.
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This improvement in performance of high-intensity aerobic exercise has been
explained by a number of theories. Studies have postulated that the change was due to
increased lactate threshold, improved exercise economy, and neurological adaptations.
A pilot study attributed differences between genders in time to fatigue to fat free
mass which could indicate that in short term high intensity training, performance may be
due to muscle mass. In an attempt to check the validity of such a theory the current study
examined the effects of short term high intensity program on maximal aerobic
performance.
The body of knowledge has already established that the first 2 to 3 weeks of
strength training are only neural adaptations (i.e. Learning a specific activation and motor
unit recruitment) (Folland et al. 2007).
The current research project will study the effects of high intensity training on
time to fatigue between genders, in a period of time less than that required for the
development of muscle hypertrophy maximizing neural impact- 2 weeks- The study will
examine whether a group of healthy active young adults will improve on time to fatigue
at 100% of V0 2 peak after participating in 6 high intensity strength training sessions
compared to a control group that will participate in the pre and post testing sessions.
Hypothesis
It was hypothesized that if short-term resistance training improves time to fatigue

at 100% of V0 2 peak neuromuscular adaptations would be responsible for the improved
performance at this intensity. In case performance does not change fat free mass would
be a better predictor of performance at high intensity aerobic exercise.

5

CHAPTER TWO: LITERATURE REVIEW
Effects of strength training on muscle physiology:
Strength training is best described as a "training that in an efficient manner

induces a measurable increase in muscle strength or/and hypertrophy" (Folland et al.
2007).The existent body of knowledge established the physiological changes that occur in
the human body after undergoing a strength training program. Those changes are outlined
in the following sections.
1. Hypertrophy
Hypertrophy-the expansion of muscle mass resulting from strength training - is
the most commonly known and noticeable effect of strength training, is the result of
overloading (Tesch and Larsson 1982). Strength training creates a disturbance in the
balance of protein synthesis and degradation. This disturbance will either lead to
hypertrophy or atrophy of the muscle fibers. Two main processes will lead to hypertrophy
and are measurable after 4 to 6 weeks of intensive resistance training (Andersen and
Aagaard). The first is the increase of muscle protein synthesis and the second is the
proliferation of myogenic satellite cells (Folland et al. 2007). Both processes start
immediately after the first session of strength training (i.e. as soon as 4hrs after strength
training), with protein synthesis detectable in exercising muscles (Fry and Fry 2004).
Protein synthesis is more pronounced in the first few weeks. Most hypertrophy effects
depend on protein synthesis. After a certain period of time when the skeletal muscle cells
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can no longer accommodate the enlarged cytoplasm, the satellite cells will
commence the creation of new myonuclei to help with cellular hypertrophy (Andersen
and Aagaard).This mechanism of satellite cell proliferation coupled with protein
synthesis during strength training explains the actual increased muscle mass during
strength training exercise activity.

2. Capillary Density Change
Tesch et aI, 1984 compared muscle capillary supply in "weight and power lifters"
(i.e. typical bodybuilders) with "endurance athletes" (e.g. road racing cyclists and
runners) and "non-endurance athletes" (combat airman from the Swedish Air force).
Weight lifters had the same number of capillaries as the non-endurance athletes. But
compared to muscle size and surface, non-endurance athletes had more muscle capillaries
per area of the muscle compared to the weight and power lifters. Endurance athletes had
more capillaries than any of the groups (Tesch et al. 1984). This finding was particularly
interesting because the researchers expected that the weight and power lifters would
actually have developed more capillaries than any of the other groups. Instead, these
findings point to the fact that as muscle mass increases, the relative number of capillaries
decreases due to the absence of creation of new capillaries.
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Controversy remains on whether strength training results in capillary growth in type II
fiber muscles. Jensen et aI, 2004 examined two different training protocols 1) using 150%
of one repetition maximum (1RM) and 2) using 90% of lRM to determine if either would
induce different capillary proliferation. They found at week 4 of training in both groups
capillary number increased, but at week 7 of training capillary supply did not improve
further. The investigator of this study proposed that since strength training doesn't
require a highly oxygenated blood supply, then the initial increase in capillary
proliferation was due to the introduction of weight training activities. Following this
initial period no further increase was noted as the muscle fibers did not need an increased
supply of oxygenated blood (Jensen et al. 2004). This finding is important to support that
performance improvements in strength are not the result of capillary growth around
exercising muscle.

3. Muscle metabolic Changes
Metabolic responses to strength training include increased lactate threshold,
mitochondrial changes, presence of glycogen in muscle, and unchanged glycolytic
enzyme activity.
During strength training, energy provided and muscles are activated depending on
the effort. The heavier the load the more fast-twitch fibers are recruited, and energy turn
over will be provided through anaerobic (ATP-CP breakdown and anaerobic glycolysis)
pathways. Tesch et aI, (1986) found that strength type exercises (front squats, back
squats, leg press and knee extension) induced a significant decrease in muscle glycogen
8

and a high concentration of muscle lactate in strength trained athletes. The anaerobic
glycolysis can maintain energy provision up to 2 min of intense exercise. An indicator for
the extensive mobilization of the anaerobic pathway is Lactate Threshold (i.e. when lactic
acid production exceeds lactic acid removal). The presence of lactate in the blood stream
induces muscle fatigue (Sesbo et al.). Indeed lactate threshold can be improved by
strength training exercise in untrained individuals (Marcinik et al. 1991). Lactate
threshold does not increase in trained subjects (lung and lung 2003). Furthermore,
strength training does not affect endurance performance in this population (lung and lung
2003). Lactate threshold is an important aspect of muscle adaptations to strength training.
Exercising at the same intensity before and after strength training will cause energy
provision from a different metabolic pathway, decreasing rate of lactate production
enabling the exercising muscle with an extra margin for performance. Strength training
can as well elevate the tolerance for acid environment. In fact strength training induces
production of lactic acid. The exercising muscle will build up a tolerance for working in
such environment increasing the lactate threshold. Marcinik et aI, 1991 noticed an
increased lactate threshold after 12 weeks of strength training exercise in healthy
untrained males.
Possible metabolic changes induced by strength training include decreased
mitochondrial density, decreased enzymatic adaptations and increased glycogen
availability in the exercising muscle. Strength training uses the energy provided by the
anaerobic glycolytic pathway (Tesch et al. 1986). Therefore strength training has the
capacity to deplete glycogen reservoir. When depleted, glycogen is found to be restored
in greater amounts due to strength training (Putman et al. 1998). Strength training
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increases glycogen availability in the specific exercising muscle. Prolonged strength
training periods induces muscle hypertrophy. This increase in muscle mass is
accompanied with a decrease in capillary density relative to area of the muscle, and is
also accompanied with a decrease in mitochondrial and enzymatic activity (Tesch 1988;
Tesch et al. 1987). Tesch et aI, (1987) studied 21 physically active men over a period of 9
months. In the first 6 months, subjects were assigned to either an explosive or heavy
intensity strength training protocol. The last 3 months of the period was a detraining
period. Muscle biopsies were obtained from the vastus lateralis and were assessed for the
presence of hexokinase, myofibrillar ATPase, citrate synthase, phosphofructokinase,
lactate dehydrogenase, myokinase and creatine kinase. The results of the study showed
decreased enzyme activity for all of the enzymes except lactate dehydrogenase. It was
concluded that hypertrophy of the muscle is also accompanied with decreased enzyme
activity during glycolysis.

4. Neural Adaptations
Hardman et aI, (1984) tested the effects of one leg training on V0 2 max and long
duration performance in men. Their findings reported improvement in both the untrained
and trained limb, at 150% and 340% respectively, in endurance performance. This
finding was thought to be an improvement in muscle metabolism for both the trained and
untrained limb. However, continued research did not support this theory. Pre- and posttesting following a six week endurance training protocol showed improvement in
endurance performance in both limbs, but no changes in concentration of muscle
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metabolites in the untrained limb (Hardman et al. 1987). A follow-up study by Hardman
et aI, 1987 concluded that improvement in both limbs (trained and untrained) was due to
neural adaptations.
Further research has explored the relationship between neural muscle adaptation
and strength training (Bemben and Murphy 2001; Del Balso et al. 2007; Folland et al.
2007; Hakkinen et al. 1996; Judge et al. 2003). These research projects indicated that
improvement in strength first occur by improved neuromuscular activation. Learning a
specific activation and motor unit recruitment pattern is commonly called neuromuscular
adaptation. When a new physical task is being taught the brain activates all the muscles
required to perform the task and the muscles not required. Over time the brain creates a
pattern that will increase efficiency of the muscle activated with training. Only specific
motor units are activated for sufficient required effort. Strength training induces large
motor unit recruitment and to accomplish increase force of contraction. Familiarization
trials increase strength performance by improvement in neuromuscular recruitment.
The current study subject of this literature review proposed the implementation of
a short term high intensity exercise training program. Current research attributes
improvements in strength in short term strength training to neurologic adaptations. A
study of short term resistance training (2 weeks) in young and old women (young 20
years old, and old 58 years old) induced strength improvement in 1RM of trained and
untrained elbow flexors of 28% and 12-15% respectively. A cross sectional examination
of muscle area indicated no change and the authors noted a decrease in efficiency of
electrical activity. Thus, the improvements in strength were attributed to neural
adaptations (Bemben and Murphy 2001).
11

To summarize, studies have failed to show that improvement in muscle strength
after short term strength training is accompanied with 1) hypertrophy of muscle fiber, 2)
changes in muscle metabolic capacities, and 3) changes in muscle capillarization.
Therefore, several authors have concluded that the improvement is due to neuromuscular
adaptations that include augmentation of the rate of activation and increased motor unit
recruitment (Del Balso et al. 2007; Judge et al. 2003; Lambert et al. 2005). Therefore
neural muscle adaptations that occur after a short term (2 weeks) high intensity heavy
strength training protocol are the most important effect examined by the current study.

5. Strength Training and Endurance Performance
Strength training and endurance performance are two distinctly different types of
training programs. Strength training increases muscle mass, decreases relative number of
capillaries compared to fiber muscle size, and causes the decrease of endurance
performance markers (e.g. number of mitochondria). In a way strength training is
antagonistic to endurance performance. Aerobic performance requires elevated blood
flow, high enzyme activity, and many other markers that extended periods of strength
training may prevent from occurring. Many studies have evaluated the use of strength
training to attempt to cause improvement in endurance performance, and found either
positive or no negative outcomes for this type of exercise on endurance activity (Hickson
et al. 1988; Hickson et al. 1980; Hoff et al. 2002; Kelly et al. 2008; Marcinik et al. 1991;
Ronnestad et al. ; Storen et al. 2008).
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One notable example of an activity that can be enhanced through strength training
exercise and can directly affect endurance performance is running economy
(improvement in running efficiency due to improvements in strength). Running economy
is composed of two variables: running velocity and required oxygen consumption. The
first outcome of strength training is increased muscle strength. After the strength training
protocol, work will be performed at a lower V0 2 max if maintaining the same speed as
used in the pre test. Because of the improvement in strength, the runner can maintain the
same pace using less effort. The inverse is also true. Post training, for the runner to reach
the same V0 2 max, he/she will have to run at a faster pace. Again improvements in
strength caused this change of speed (i.e. the runner must run faster to require the same
amount of energy production since the effort at the prior speed was now easier)(Jung and
lung 2003). In conclusion muscle fibers following strength training are able to produce
more absolute force (Jung and lung 2003). Therefore muscles would work at a relative
lower percentage of maximum strength during endurance exercise post-training as
compared with pre-training values.(Jung and lung 2003)
Review of Literature 1980- 1995
This section will discuss the first evidence that was provided supporting the
hypothesis that strength training is beneficial for endurance performance and does not
alter the metabolic attributes of long duration exercise.
In the late seventies Hickson et aI., 1980 conducted a study at the University of
Illinois. The main purpose was to look at the effects of strength training on aerobic power
and short-term endurance. Their study was developed to determine if strenuous heavy
resistance training has the potential of increasing work capacity and V0 2 max. They
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recruited 9 healthy men (age range 18-27 years old). Who engaged in strength training
five times per week over a period of 10 weeks. Training consisted of lower body
exercises, and exercises were performed in either three sets of five repetitions, or five sets
of five repetitions. The subjects started first with eighty percent of their 1RM, and then
they were asked to perform the sets at a maximal weight. Strength measurements were
assessed by lRM. The main outcome of the study was measuring time to exhaustion at
100% V0 2 max. The measurement was done on both a stationary bike and a treadmill.
Blood samples were obtained: at rest, after the treadmill and bicycle test, and before and
after the training. Body fat percentage was assessed and thigh sizes were measured pre
and post training. After ten weeks of training, researchers observed 38, 42, and 50%
improvements respectively in the lRM of the parallel squats, knee flexion and knee
extension. Thigh girth increased, body fat decreased and body weight increased. The V0 2
max results did not differ significantly from the pre to post test. On the other hand time to
fatigue improved 47% on the bike test and 12% on the treadmill. Blood lactate was
approximately the same after training. The major finding of this study was that heavy
resistance training is capable of increasing short-term endurance performance. This study
was performed on healthy individuals, who were not trained athletes. These
improvements in short-term endurance performance as a result of strength training are
important to athletic performance. Researchers were interested in studying different
aspects of the phenomenon to understand how it was possible that resistance training
would enhance time to exhaustion which in comparison is more an aerobic type of
exercise.
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In a follow up study Hickson et aI, 1988 investigated the effects of combined
strength and endurance training on endurance performance. The subjects recruited were
trained cyclist and runners (men n=6, women n=2). The subjects performed constant
endurance training during a period of 10 weeks of 3 days a week of strength training.
Strength training exercises aimed at improving leg strength consisted of parallel squats (5
sets of 5 repetitions), knee extensions (3 sets of 5 repetitions), knee flexions (3 sets of 5
repetitions), and toe raises (3 sets of 25 repetitions). Participants underwent pre and post
testing which included measurements of V0 2 max, strength (lRM of; parallel squat, knee
extension and knee flexion), long-term endurance (time to exhaustion at 80 to 85% of
V0 2 max on a cycle ergometer, and 10 km indoor running times), short term endurance

(time to exhaustion at maximal work rate for both running and cycling), body fat analysis
(skin fold), and muscle biopsies (taken from the vastus lateralis to measure fiber type
composition and citrate synthase activity). Strength improved an average of 30%, body
composition (i.e. fiber type and citrate synthase) and V02 max remained unchanged,
short-term endurance increased 11 % and 13% respectively in cycling and running
performance, long-term endurance increased 20% in cycling but was not significantly
different during the IOkm running test. The main finding of this study was that strength
training has the potential to improve short-term high intensity endurance performance.
The adaptations to strength training that were observed in this study were attributed to
neuromuscular factors (i.e. learning a specific activation and motor unit recruitment),
since muscle size and citrate synthase activity remained the same. This article is of
importance because it was the first one to discuss that improvements on time to fatigue

15

from strength training can be related to neuromuscular adaptations and not related to
muscle hypertrophy or metabolic changes in the muscle cells.
Marcinik et aI, 1991 sought to build on the work of Hickson et al (1980, 1988).
The project analyzed the effects of strength training on lactate threshold. Eighteen
healthy males (ages 25-34) participated in the study. Ten of them were randomly
assigned to a training group and the remaining eight served as the control group. The
training group trained for 12 weeks, 3 days per week. Training sessions consisted of 3
sets of 10 circuit training exercises. The exercises included: bench press (8-12 RM), hip
flexor (15-20 RM), knee extension (15-20 RM), knee flexion (15-20 RM), push-up (1520 RM), leg press (15-20 RM), lat-pulldown (8-12 RM), arm curl (8-12 RM), parallel
squat (15-20 RM), and bent knee sit-up (15-20 RM). There was no significant difference
in body weight, fat free mass or body fat percentage after the 12 weeks of strength
training. The training protocol increased lRM values. V0 2 max and cycle peak V0 2
remained unchanged despite that the main finding of this study was that strength training
induced improvements on time to exhaustion at 75% of V0 2 peak and that lactate
threshold increased. The reduction of blood lactate after the strength training program can
indicate that different substrates were recruited to maintain required energy levels during
different intensities of exercises. The fuel selection changed as a result of the training
protocol (i.e. subjects from the training group improved in muscle strength). So the
provision of energy for one specific performance (using the same speed before and after
the training duration) will require the use of different pathways to produce the same
amount of energy (Marcinik et al. 1991).

16

To conclude this section three different studies (Hickson et al. 1988; Hickson et
al. 1980; Marcinik et al. 1991)found that time to fatigue (i.e. at maximal effort or 75% of
maximal effort) was improved as a result of strength training. Each study utilized a
strength training protocol 10 to 12 weeks long, and did not find any change in muscle
size or body fat composition. The reasons for the improvements in time to fatigue were
not clearly understood. The next section will discuss more recent articles that attempted
to clarify the underlying mechanism.

Review of Literature 1995 - Current
During the years prior to the "running boom" (1972), when running started
gaining popularity), and for some years after, it was uncommon for long distance runners
to engage in resistance training. Traditional high force, low repetition strength training
has been shown to increase muscle mass and improve motor unit recruitment but also to
decrease relative capillary density and mitochondrial volume (Tesch et al. 1987). The
nature and the specificity of the training is very important. Tesch et al 1988 reported that
body builders (i.e. people who strength train with a high repetition program) displayed a
small increase in capillaries per muscle fiber. In contrast, strength and power lifters had
no increase. Analyzing this report explains that the way muscle is trained highly affects
the way it will perform. This justification is why endurance athletes did not implement
any kind of strength training into their regular workouts - because strength training
would not result in improved endurance performance.
However, research has shown that strength training can improve time to fatigue
during predominately aerobic exercise without altering muscle mass or muscle
composition (Hickson et al. 1988; Hickson et al. 1980; Kelly et al. 2008; Marcinik et al.
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1991; Storen et al. 2008). Conversely, endurance training enhances cardio-respiratory
function yet no changes or decreases in muscle fibers size are noticeable (McCarthy et al.
2002). Some cases show increase in muscle size following an aerobic training protocol
(Harber et aI, 2009.
A study by Hoff et aI, 2002 details the effects of strength training on endurance
performance. This study explored the effects of maximal strength training on aerobic
endurance performance. A total of 19 professional cross country skiers were recruited for
this study and were randomly assigned to a control group (n=lO) or a training group
(n=9). The intervention group trained 3 times a week for 8 weeks using a cable pulley to
imitate the double polling technique in cross country skiing. Each session consisted of 3
sets of 6 repetitions using 85% of maximum workload. Results of the study found that
lRM significantly increased 9.9%, peak force at 80% of lRM significantly changed by
34%, and time to exhaustion improved 56% and 25% respectively for the training and
control group. The difference of 31 % improvement between groups is accounted for by
improvements in strength, but the actual 25% improvement present in both groups is
caused by other factors. Those unexplained factors are possibly neuromuscular
adaptations. This article is very important in that it shows that little change in muscle
strength (9.9%) can result in a large improvement (56%) on time to exhaustion. In this
study they used maximal strength training. This type of training enables the body to
recruit additional muscle fibers to perform the task. A certain aspect of this total
recruitment of motor units would result in a better distribution and activation of effort
during endurance exercise (Hoff et al. 2002).
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As an alternative, other researchers tried to combine the positive effects of both
the strength and endurance training. They developed a new protocol named concurrent
strength and endurance training. At first critics mentioned that this type of training will
inhibit the development of the benefits of both types of performance. It was thought that
since each training requires different pathways for energy provision it would limit the
specificity of adapatations to the training (Leveritt et al. 1999).
However others attempted the combination of both types of exercise (Kelly et al.
2008). The researchers investigated adding heavy strength training to an endurance
program on improvements on 3km run time. It was found that heavy strength training
resulted in strength improvements excluding muscle hypertrophy and decrease in relative
capillary density. This is a valuable reason for endurance athletes to adopt and
incorporate strength training with their endurance training. Endurance athletes do not
need the increased muscle mass and need the capillary density to be high. Since strength
training did not induce those changes it becomes a training they will use, knowing that
the appropriate program design is very important to induce the expected outcomes.
Kelly et aI, 2008 investigated the effects of strength training on endurance
performance in 3km running. Sixteen active women (age range 18-27), were recruited
and assigned randomly either to one of three groups: only endurance training (EO), the
control group or to concurrent strength and endurance training (CSE). Over a ten week
time period the endurance training protocol was designed to improve three kilometer
performance. In addition to the endurance training, the CSE group participated in strength
training sessions consisting of three sets of five repetitions using exercises that targeted
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the muscles that help perform the running motion (i.e. squats, calf raises, hip extension,
hip flexion, hamstring curl, seated row, and bench press).
This study found a difference in the mean times on 3km times between groups.
The difference in the means was not statistically significant. The CSE group was faster
than the EO group, but it was not significant to be reported. Strength levels were the same
pre testing but after the training the CSE group showed significantly higher values. The
CSE group improved approximately 18% in the lRM of the squat, while the EO group
decreased six 6%. After the ten week program both groups observed increases in running
economy and V0 2 peak however there were no significant difference between them.
Measurements did not change and body fat percentage decreased slightly for both groups.
This study shows that adding a strength training protocol to endurance training improves
strength performance without inhibiting endurance performance. The slight improvement
in the CSE times may be explained by improved neuromuscular and biomechanical
efficiency that occurs with the addition of strength training.
This study can be used by athletic coaches and long distance athletes to improve
their running times, without gaining muscle weight or losing capillaries in the muscles.
Training for less time and getting the same results is more efficient than training for
extended periods of time to get the same results achievable in less time.
Another recent study that matches observations was completed by Storen et aI,
2008. This team of researchers acknowledged three factors on which performance in
running is dependant. This paper previously mentioned some of them: lactate threshold,
maximal oxygen uptake and running economy. Storen et aI, 2008 identified a number of
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studies that used concurrent strength training to improve running economy (RE). All
studies (Storen et aI. 2008)concluded better RE, after strength training and were
accompanied with increases in muscle strength with no significant differences on V0 2
peak. A strength training protocol that emphasizes neural adaptations rather than
muscular hypertrophy is termed maximal strength training (MST). This protocol implies
the use of high loads few repetitions. Storen et aI, 2008 mentions in his study that MST
protocol has the highest improvements rates on time to exhaustion and running economy.
For this reason the aim of his study was to assess the extent of MST, improving squat one
maximal repetition, rate of force development, running economy and time to exhaustion
at maximal aerobic speed (MAS).
The Storen study included seventeen well-trained runners, assigned to an
intervention group (4 males and 4 females), and the remaining nine participated as
control (5 males and 4 females). The subjects were tested on two different days, both
groups were tested before and after an 8 week period. Subjects were asked to maintain
their exercise habits. The intervention group completed eight week MST program. The
MST sessions consisted of 4 sets of 4 maximal repetitions of half squats, 3 times a week.
After eight weeks of training the lRM significantly increased 33%, running
economy at 70% of V0 2 max increased 5%. More importantly time to exhaustion at
MAS increased 21 %, similarly to the finding of Hickson et aI., 1980. The major finding
of this investigation was that MST significantly enhanced running economy and time to
exhaustion at maximal aerobic speed. Other measurements remained unchanged
including; body mass, V0 2 max, lactate threshold velocity, and lactate threshold as
percentage of V0 2 max. In conclusion this investigation resulted in improvements on
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maximal aerobic speed and this improvement was caused by strength training and
explained by improved running economy of 5% (Storen et al. 2008). This article is the
only article to be reviewed in this literature that used one exercise for strength training.
The current study used one leg exercise (i.e. leg press) and protocol included high
intensity low repetition training.
Last article to be included in this review is the most recent and is written by
Ronnestad et aI, (2009). The purpose of this study was to examine the effect of heavy
strength training on thigh muscle cross-sectional area, performance determinants, and
performance in well trained athletes. Twenty three well trained cyclists were recruited
and were divided to a control (n= 7 males and n=2 females) and test group (n=11 males).
Both groups maintained their usual endurance training for a 12 week period and the test
group performed heavy strength training in addition to the endurance training. Endurance
training consist mainly of cycling and some cross country skiing was included. The heavy
strength training performed in the test group aimed at leg muscles and was repeated twice
a week. Cycling exercises were used to improve cycling performance. Strength training
exercises used in the sessions were: half squat, unilateral leg press, unilateral hip flexion,
and ankle plantar flexion. After the 12 week intervention there were no significant
differences between groups in body mass, thigh muscle cross sectional area, maximal
force in isometric half squat, V0 2 max or in any of the cycling performance
measurements. Strength improvements were observed in the test group but not in the
control group. Peak power output in the wingate test increased by 9.4%, in the training
group but remained unchanged in the control group. V02 max increased in both groups
with a slightly higher difference for the control group but not a statistically significantly
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different. At 2 mmol concentration of blood lactate power output increased from 242 w to
251 w in the training group. Mean power output in the 40 min maximal effort increased
by 6% for the intervention group and tended to increase by 4.6% for the control group
with no significant change between groups.
The main finding of this study was that the use of strength training with
endurance training did not inhibit endurance performance in well trained cyclist. It also
showed improvements in endurance performance. Those improvements were more
pronounced in the strength and endurance trained group than in the group that only
performed endurance training. Muscle strength increased by 21 % and this increase was
not accompanied with a significant increase in body weight. From this study it is
concluded that neuromuscular adaptations are responsible for improvement in strength
after a short term period of strength training (Ronnestad et al.). This study shows that a
combination of strength and endurance training can be beneficial for well trained cyclists,
and does not inhibit the development of endurance or strength markers.
To summarize, this review has shown that short term gains in muscle strength are
caused by neuromuscular adaptations (i.e. learning a specific activation and motor unit
recruitment). Muscle hypertrophy, enzyme activities and capillary density remain
unchanged in the first 4 weeks of training. Strength training has the potential to
significantly increase muscle strength over a short period time with little or no change in
body mass. Neural adaptations are therefore the main strength training adaptation. The
subjects recruited for the study will participate in 2 weeks of six sessions of strength
training protocol. All the mentioned literature showed improvements in endurance
performance after undergoing a strength training intervention. These studies also showed
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improved efficiency in performance (i.e. running economy). All studies used at least an 8
week of strength training protocol and showed improvements in endurance performance.
Subjects that were recruited in those studies were either well trained cyclist! runners or
were healthy active individuals. The uniqueness of the current study is the attempt to
improve high intensity endurance performance (time to fatigue at 100% of V0 2 peak) by
the use of short term high intensity training (2 weeks with high load and low repetitions).
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CHAPTER THREE: METHODS
Recruitment:
Twenty three subjects were recruited for the study (female n = 10 and male n =
13). Only 18 subjects completed the study and are included in the data analysis (8 women
mean 23.25 years, mean height 65 in, mean weight 134.65 lbs, and 10 men mean age
22.75 years, mean height 69.6 in, mean weight 168.45 lbs). Subjects maintained over the
six weeks period of the study 1 to 5hrs of exercise per week. First session included
explanation of the study. Subjects signed the informed consent and completed a medical
questionnaire. Consented females completed a pregnancy test. Subjects were randomly
assigned to a control (C) (total 8 subjects 5 males, 3 females) or to a resistance training
(RT) (total 10 subjects 6 males, 4 females) group. Control group participated only in pre
and post testing sessions.
Testing Sessions:

V02 Peak Test:
Subjects completed a peak oxygen consumption test on a Monarch cycle
ergometer (Monark 818 E Ergomedic, Sweden). The cycle ergometer was calibrated with
2.3kg and 4.5kg prior to every test. Expired gases were measured with a Parvo (Parvo
Medics, Salt Lake city USA, True One 2400 metabolic measurement system)
concentrations of 02 and CO 2 were measured at 15 seconds intervals. Gases were
calibrated with a 16%

02

and 4% CO 2 tank, than flow was calibrated with a 3 liter

syringe. Rating of perceived exertion (RPE) was recorded at the end of each stage, the
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Borg 6-20 scale (Borg 1970) was utilized. Heart rate was recorded at the end of
each stage. Subjects had a Polar Electro OY strap around their chest which was
connected to a Polar Electro B 1 watch that provided constant reading of the heart rate.
Temperature and humidity of the lab were recorded with a Davis Perception 11. All
subjects were measured and weighed without shoes before the test. Test procedure was
then explained. With a mouthpiece and a nose clip on subjects commenced the test.
Female subjects started the test with a workload of 40 watts, male subjects started with
100 watts. Workload was increased 20 watts every 3 minutes for the first 3 stages, than

every minute until subjects reached their maximum. During the test subjects were
instructed to maintain 80 revolutions per minute. Verbal encouragement were provided
continuously.
Hydrostatic Weighing:
Two trials of hydrostatic weighing were recorded, 1) two days after the V02 max
test and 2) at least 3 days prior to the last time to fatigue test. Subjects were asked to fast
for lOhrs prior to the tests. Subjects attended the session with a swimsuit on. Height and
weight were measured with the swimsuit on. Subjects were instructed to enter the tank.
Water temperature and weight of the chair were recorded. Subjects were instructed to sit
in the chair and investigator explained the procedure of the test. Subjects were asked to
exhale 75% of the air in their lungs outside the water than to tuck their head as close as
possible to their knees while still exhaling all the air out. Weight of the subjects
submersed was then recorded. Subjects had to repeat the procedure till the most accurate
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measurement was obtained. All recorded data was entered to a specialized
software. The general formula utilized to assess fat free mass and body fat was by Siri
(Siri).

Time to Fatigue test:
Time to fatigue test was repeated 3 times, 1) at least 4 days after the V0 2 max
test. This session was used as a familiarization to the test, 2) exactly 7 days after the first
test, 3) the last test was 2 days after the second hydrostatic weighing and at least 4 days
after the 2nd leg press test. Three days prior to any of the time to fatigue tests subjects
recorded their daily diet, and fasted for 10 hours prior to that session. Subjects were
asked to replicate the diet recorded prior to the familiarization test before each of the two
remaining tests. Subjects attempted to imitate the diet as much as possible. Diet analysis
was not conducted. The workload used for the test was calculated using a regression;
including the resistance for the first 3 stages and the V02 correspondent measurement at
3,6 and 9 minutes respectively. As an example subject X a male had as a volume for 02
1.5 Umin, 1.8 Umin and 2.0 Umin at 3, 6 and 9 minutes of the test. The power utilized
at those minutes was 100, 120 and 140 watt, a scatter chart was created on excel with
these numbers. The linear regression formula that resulted from this scatter was utilized
to calculate the appropriate resistance that will induce the highest measurement of V0 2
recorded in the V0 2 peak test. In this case for subject X assuming his highest V02 was

3.0 U min the correspondent resistance would be 217.367 therefore 220 will be the one
utilized in the time to fatigue test. In each time to fatigue test subjects cycled to fatigue
until they could no longer maintain 80 revolutions per minute. Subjects were stopped on
the fourth time they cycled at a pace lower than 75 rpm. Each subject had his specific
workload determined by V0 2 peak test. Investigators did not provide any encouragement,
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and subject was not aware of time. Every minute heart rate and RPE were recorded. At
the end of the test subjects immediately sat down for 15 more minutes and their heart rate
was recorded every minute. The stop watch used to record the time was EAI S3300.

Leg Press Test:
The RT group performed two IRM pre and post tests on the leg press device
(Cybex Plate loaded, Squat press). Subjects were taught how to perform the exercise.
They were instructed to place their feet on the same spot every time. They were asked to
control the weight on the way down, placing the weight back again on the rack and
pushing off again. Verbal encouragements were provided during testing sessions.
Adequate rest time of 2 min between sets was provided. Subjects completed a warm-up
of an estimated 30 to 50% IRM. Incremental increases were applied until a lRM was
achieved. Subjects were provided a 2 min rest between sets.
Training Sessions
One week after the leg press test training sessions were initiated. The protocol is
outlined in the table I below. The weights used were 75,80,85,90,95, 100, 105, and
110 % of each subject's IRM. Subjects were asked to complete as many repetitions as
possible the last set of each training session. At the beginning of each training session
subjects were asked to rate their perceived muscle soreness. In session 6 they performed
again the one RM test and after reaching their new maximum, they were asked to realize
as many repetitions as possible with their old maximum. Week one training sessions were
3 days apart. Week two training sessions were separated by one day ofrecovery. Between
sessions 5 to 6 subjects had two days of recovery.
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Statistical Analysis
A two way ANOV A was utilized to compare groups means on time to fatigue
from pre to post intervention. A paired t-test was utilized to analyze strength
improvements from pre to post intervention in the strength training group.
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Table 1: Strength Training Protocol
Session! Week

Number of Sets

Session I,Week 1

5

Number of
Repetitions per set
6

Percentage of lRM

Set 1- 75%
Set 2- 80%
Set 3 to 5- 85%
Session 2, Week 1
5
5
Set 1- 80%
Set 2- 85%
Set 3 to 5- 90%
Session 3, Week 2
4
Set 1- 85%
6
Set 2- 90%
Set 3 to 6- 95%
Session 4, Week 2
6
3
Set 1- 90%
Set 2- 95%
Set 3 to 6- 100%
2
Session 5, Week 2
8
Set 1- 100%
Set 2- 105%
Set 3 to 8- 110%
Session 6, Week 3, warm-up then incremental increase of weight until new max lRM is
achieved than completion of as many as possible repetitions with the old max.
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Table 2: Details of the Study

3/5
3/6
4/7
4/8
5/9
5/10
5/11
6/12

Control Group
Consent! Medical
Questionnairel Pregnancy test
for females
V02 Peak Test
Hydrostatic Weighing 1
Time to Fatigue test 11
Familiarization
Time to Fatigue test 2
Nothing
Nothing
Nothing
Nothing
Nothing
Nothing
Nothing

6/13
6/14

Hydrostatic Weighing 2
Time to Fatigue Test 3

Week/Days
111

112
113
2/4
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Strength Training Group
Consent! Medical
Questionnairel Pregnancy test
for females
V02 Peak Test
3- Hydrostatic Weighing 1
Time to Fatigue test 11
Familiarization
Time to Fatigue Test 2
Leg Press Test 1
Training Session 1
Training Session 2
Training Session 3
Training Session 4
Training Session 5
Training Session 61 Leg Press
Test 2
Hydrostatic Weighing 2
Time to Fatigue Test 3

-------------------------------

RESULTS
Table 5 shows the mean of each test in each group, the standard error and the
percentage of improvement. There was no statistically significant difference (p=.208)
between training group and control group on Time to Fatigue at 100% of V0 2 Peak. The
average mean improvement was 13% and 1% for the intervention group and control
group respectively. The mean improvement was not statistically significant.
The mean V02 Peak in the training group was 37.7 ml/kg/min, whereas for the
control group it was 38.3 ml/kg/min. It was observed that men in general had a higher
V0 2 Peak number compared to women. The V0 2 of men in the training group was 14.1

ml/kg/min higher than that of women and the control group was 10.7 ml/kg/min higher
than that of women. Tables 3 and 4 describe the average demographics (i.e. age, height,
weight, and gender) of participants in each group and detail, V0 2 peak measurement,
times to exhaustion in test 1 and 2, and the intensity used for each subject.
Table 6 outlines the mean heart rate and perceived rate of exertion by gender and
by group in each time to fatigue test. In the second time to fatigue test women of the
resistance training group increased in heart rate and perceived exertion respectively
3.35% and 5.4%. A decrease in RPE was observed in men and women of the control.
Men of the control group had the same mean heart rate pre and post intervention, whereas
women had a small increase in heart rate. Men of the training group had a small increase
in both measurements. Heart rate increased by 0.42% and RPE increased by 0.5%.
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Table 7 presents in detail the increase on time to fatigue at 100% of V0 2 Peak.
Women of the resistance training group increased 38.96%, whereas women of the control
group increased 13.4%. A decrease in time to fatigue was observed in the men control
group of 6.35% and 0.59% in the resistance training group.
The intervention group significantly improved in strength (p=.OO level of
significance), the percentage of improvement for each subject is displayed in table 8. The
mean men and women increased 16.95% and 24.64% respectively in strength. The leg
press increase in strength and the time to fatigue improved performance did not correlate.
Fat free mass was not significantly different between groups. Figure 2 illustrates
that both groups slightly increased with a larger increase for the control group. Table 9
details the change per participant and the average per gender per group. Women of the
control group increased their muscle mass by 0.12%, where as women of the resistance
training group increased by l.68%. Men on the control group increased by l.55%
whereas men of the resistance training group decreased by 0.10%.
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Table 3
Subjects#

Gender

Group

V02 Peak
ml/kg/min

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

F
F
F
F
F
F
F
M
M
M
M
M
M
M
M
M
M
M

Control
Control
Control
Training
Training
Training
Training
Control
Control
Control
Control
Control
Training
Training
Training
Training
Training
Training

33
24.1
32.3
35.4
28.02
37.9
32.6
40.5
52.9
55.4
44.3
41
29.1
46.3
43.9
35.2
44.4
52.8
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Watts for
Time To
Fatigue
Test
100
100
160
120
140
160
160
140
280
240
220
180
180
240
220
180
240
220

Time to
Fatigue
test
number 2
542 sec
230 sec
115 sec
169 sec
405 sec
324 sec
180 sec
264 sec
481 sec
144 sec
366 sec
288 sec
316 sec
287 sec
424 sec
440 sec
349 sec
294 sec

Time to
Fatigue
Test
number 3
640 sec
241 sec
125 sec
203 sec
506 sec
377 sec
412 sec
268 sec
418 sec
162 sec
316 sec
281 sec
332 sec
274 sec
392 sec
510 sec
292 sec
297 sec

Table 4
Groups

Gender

Average
Age

Average
Height Inch

Females
Males
Females
Males

24
23
22.5
22.5

64.25
69.4
65.68
69.8

Average
Weight LBS

Average
V02 Peak
ml/kg/min

Control
Training
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131.2
163.6
138.1
173.3

29.8
40.5
32.26
46.36

Table 5

Group
Training group
Control Group

Time to
Fatigue #
1
2
1
2

Mean
318.800
359.500
303.750
306.375
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Standard Error
38.563
41.325
43.115
46.203

Percent
Improvement
-13%
-1%

--------------------------------

Table 6

Groups

Time To
Fatigue Test

Control
Test number 1
Training
Control
Test number 2
Training

Gender

Average end of
Test Heart Rate

Females
Males
Females
Males
Females
Males
Females
Males

180
183.6
173
186.3
183
183.6
179
187.1
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A verage end of
Test Rate of
Perceived
Exertion
18.6
19
18.25
19.5
18.3
18.8
19.5
19.6

Table 7
Group
Control
Training

Gender
Females
Males
Females
Males

Time to Fatigue
1

295.6
308.6
269.5
351.6
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Time to Fatigue
2
335.3
289
374.5
349.5

% of change
13.4%
-6.35%
38.96%
-0.59%

Table 8
Training Group
Subjects/
Genders
F
4
F
5
F
6
F
7
M
13
14
M
15
M
16
M
17
M
M
18

Leg Press Test
1 in pounds

Leg Press Test
2 in pounds

Percent Change

460
410
470
380
680
510
990
910
930
900

550
550
520
510
950
580
1100
970
1080
1030

19.57%
34.15%
10.64%
34.21%
39.71%
13.73%
1l.11%
6.59%
16.13%
14.44%
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Average
Percentage per
genders
24.64%

16.95%

Table 9
Group and
Genders
Control
Control
Control
Training
Training
Training
Training
Control
Control
Control
Control
Control
Training
Training
Training
Training
Training
Training

F
F
F
F
F
F
F
M
M
M
M
M
M
M
M
M
M
M

Numbe
r
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Fat Free Mass
1
95.78
102.7
98.3
74.86
119.44
111.69
103.32
105.44
157.14
126.8
160.65
135.29
155.35
152.26
144.17
141.53
149.52
116.38

Fat Free Mass
2
97.61
99.23
100.12
76.43
119.66
116.27
103.7
111.03
157.46
124.34
166.95
135.69
152.33
153.56
148.2
141.22
150.72
112.98
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Percent
change
1.91%
-3.37%
1.85%
2.09%
0.18%
4.1%
0.36%
5.3%
0.2%
-1.94%
3.92%
0.29%
-1.94%
0.85%
2.79%
-0.21 %
0.8%
-2.92%

Figure!
Time To Fatigue at 100% ofV02 Peak
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There was no statistical significant difference on time to fatigue between groups (p=.206)
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Figure 2
Fat Free Mass Change
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Training group
Control Group

DISCUSSION
The purpose of the 2 week strength training was to attempt to induce a difference
on time to fatigue at maximal aerobic performance. The major findings of this current
study were: a) time to fatigue did not statistically significantly change with the
implementation of short term high intensity training, b) the means of the Time to Fatigue
improved 13% in the intervention group although not statistically significant there was
apparently a practical improvement, c) it appears from the results of this study that
women improved the most on time to fatigue and were affected by the strength training
program more than men c) short term strength training significantly increased lRM
results on the leg press device, from pre to post in the intervention group. Five sessions of
resistance strength training has a great potential in improving strength performance.
The hypothesis based of the pilot study of Lambert et al 2009 (in review) was if
strength improvements did not induce increased time to fatigue performance, it would be
possible to conclude that fat free mass is a main factor that affects performance at
maximal aerobic output. From the results of this study it is impossible to draw clear
conclusions whether or not fat free mass is responsible for sustaining performance at
maximal VO 2 peak. There was no statistical significant difference on time to fatigue
between the control and the resistance training group. But the mean women time to
fatigue in both groups increased respectively 38.96% and 13.4% in the resistance training
group and the control group. Based on this information and the fact that men did not
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improve in both groups it would be wrong to conclude that fat free mass is a
strong predictor of performance in time to fatigue at 100% of maximal aerobic effort.
When comparing the resistance training group with the control group the mean
time to fatigue was increased by 12%. In the control group women increased in time to
fatigue but men decreased in time to fatigue. In the training group men decreased by
0.59% where as women increased 38.96%. It seems from this data that women were more
influenced by this type of training. Still the men of the resistance training group did not
have as strong as decrease as the control group, implying in a way that the training
sessions were effective with the men to lower the loss in the time to fatigue test. From the
data collected it is not possible to explain why men performed less than women although
knowing that men usually perform better in short term high intensity exercise than
women, because of larger fast twitch fibers, higher glycolytic enzyme activity and larger
storage of muscle glycogen (Jansson and Kaijser 1982; Staron et al. 2000).
The results of this study indicate that improvements in strength were not
correlated with improvement in time to fatigue even when comparing the results in
between genders. It was mentioned before that women improved 38.96% on time to
fatigue. This is a very high increase in just 2 weeks of training. Women also improved
24.64% in strength 8% more than men. Women seem to have benefited from the training
more than men. Notably women are better able to adapt to exercises that specifically
induces neural muscle adaptations (Pansarasa et al. 2009). A possible reason for why men
might have not increased in strength as much women is that men already had higher
strength levels and the possibility to increase this performance is harder and requires
more training. Whereas women starting with lower weight, less than half of what some
44

men were capable of carrying had a larger window for improvement. A key aspect of this
study was that a larger improvement in strength induced a larger improvement on time to
fatigue in women of the resistance training group.
The other tested hypothesis was strength training improves performance at 100%
of V02 Peak by neuromuscular adaptations (i.e. improved muscle activation and motor
unit recruitment). This hypothesis cannot be supported or denied since some subjects
improved in both groups and no statistical significant difference was found. To refute or
support this hypothesis a larger group needs to be tested and included in the analysis.
This study resulted in a 13% improvement in the intervention group. This practical
improvement occurred mainly by neuromuscular adaptation. It's not possible with the
collected data set to conclude that the improvement was specifically neuromuscular
adaptations. But it is known from review of literature that strength training improves
neurologic factors and increases lactate threshold (Folland et al. 2007; lung and lung
2003). Strength training applied for an extended period will cause hypertrophy, increase
of muscle glycogen and some decreases in markers of endurance performance (Leveritt et
al. 1999). This study was designed to induce improvements in the neurologic factors.
This is why knowing from the existent literature that muscle hypertrophy occurs after 3 to
4 week of training, and that lactate threshold also happens after a relatively longer period
is important for this study (Andersen and Aagaard ; lung and lung 2003; Marcinik et al.
1991). Because of this thought process other factors can be eliminated and it can be
concluded that the strength gains were strictly related to neuromuscular adaptations.
Exercising at a high intensity increases the rate of production of lactate which
inhibits performance when threshold is reached (Sesbo et al.). Commonly strength
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training has been known to increase the capacity of individuals to exercise with higher
concentrations of lactate (Leveritt et al. 1999). This might be a reason why some subjects
on this study improved. Increases in lactate threshold occur after extended periods of
strength training(Leveritt et al. 1999). Lactate threshold was not measured during the
time to fatigue tests it is not the main marker that caused this improvement on time to
fatigue with two weeks of training.
This study found no significant pre intervention difference in fat free mass
between groups or from pre to post intervention. The observation that muscle mass did
not change, implies that strength training did not induce hypertrophy of the muscle.
Therefore the gains in strength were not the result of gains in muscle mass. Since the
strength training program was not long enough to induce increases in lactate threshold, or
hypertrophy of the muscle, neuromuscular adaptations remains the factor that might have
induced this change. The fact that fat free mass did not change supports the hypothesis
that neuromuscular adaptations occurred and that they were responsible for the increase
in performance.
Interestingly the females of the experimental group seem to have exerted more
effort in the last time to fatigue test. Heart rate and rate of perceived exertion increased
3.35% and 5.4% respectively from pre to post testing. Heart rate and rate of perceived
exertion of the men was more consistent with smaller changes, proposing that men
exerted the maximal effort at each time to fatigue test. From the existing data it is
impossible to justify this phenomenon. No scientific evidence exists to support any
theory that would be proposed to explain the phenomenon.
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Limitations of the study
The most important limitation of this study was its small sample size not strong
conclusions can be made from the results. Control and training groups need to be larger
to provide more data for analysis.
Quantifying motivation is a key limitation for the time to fatigue test. Individuals
might have exerted more effort on one of the time to fatigue tests. The time to fatigue test
was presented and explained with the methodology. To limit variability the Investigator
explained the importance of the subject performing their best every time and no
encouragements were provided during the test.
Although participants were asked to work out 1 to 5 hrs a week keeping the same
habits they had prior to enrolling to the study there were no strict way to ensure subjects'
compliance with the rules of the study. It is possible that subjects would have changed
their diets or habits during the study and did not report to investigator, this might have
changed the way they reacted to the intervention. Subjects from the control group might
have started training and improved as a result of their training.
The lRM leg press test was not applied to the control group. This limits the
findings of this study. It would have been interesting and beneficial to know if the control
group would change in performance after practicing testing trials.
The leg press device utilized for the training did not provide the same range of
motion for all the subjects. The tallest from the subjects were reaching 90 degree angle
while pressing down, whereas shorter subjects were reaching 110, 120, or 130 degrees.
Not going as low as 90 degrees might have inhibited the development of strength in
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specific active muscles in the cycling motion. When utilizing a smaller range of motion
subjects are capable to move heavier weights for a higher number of repetitions.
Other researchers used one strength training exercise and noted an improvement
of strength after 8 weeks of training. This improvement in strength resulted in
improvements in endurance performance. Time to fatigue increased as a result of strength
improvements. This is the first study to use 2 weeks of strength training in attempt to
change maximal aerobic effort. To maximize the neural adaptations it might have been
beneficial to include more than one strength training exercise in the protocol of the study.
Since only one exercise was utilized subjects were always asked to perform as many
repetitions as possible in the last of each training session.
The cycle ergometer used for testing was dependent on the accuracy of the
investigator. The correct measurement was hard to be applied. Since the machine
provides increments of 0.5 smaller increases were harder to be adjusted. This is why it
was decided to round up the resistance used for the time to fatigue test to 0.00, 0.25, 0.5
or 0.75. As a result some subjects ended up exercising with a little harder resistance than
what they should have been exercising with. Exercising with a higher resistance might
have induced primarily anaerobic performance increasing faster the production of lactate.
The fast increase of lactate might have resulted in muscle fatigue quicker than if the right
resistance was applied. Human error of investigator might have resulted in lower results.
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CONCLUSION
The purpose of this study was to examine the effects of 2 weeks of high intensity
strength training on time to fatigue at 100% of V0 2 peak. The major finding of this study
was that neuromuscular adaptations did not significantly alter performance at high
intensity exercise. Although not statistically significant the mean time to fatigue
improved 13% in the resistance training group. Women of the resistance training group
had the largest gains in strength and time to fatigue, 24.64% and 38.96% respectively.
Men of the resistance training group gained 16.95% in muscle strength but did not
improve in time to fatigue. Women of the control group improved 13.4% on time to
fatigue. For future studies a larger sample size in genders and groups should be included
in order to find significant results. There is an obvious need for additional research on the
specifics of adaptations of genders.
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